Introduction

34
Marine bacterioplankton play pivotal roles in oceanic food webs and the cycling of 35 organic matter, which in turn influence global carbon pools (Azam and Malfatti, 2007; Wohlers 36 et al., 2009 ). In recent years, the application of molecular, genomic, and transcriptomic 37 techniques has provided us with vast datasets, greatly expanding our knowledge of 38 bacterioplankton phylogenetic diversity, their environmental distributions, and metabolic 39 capabilities (for reviews see Rappé and Giovannoni, 2003; Delong, 2009) . Despite this 40 knowledge, challenges still exist in understanding the ecological functions of specific 41 bacterioplankton. Among these challenges is a lack of measurements of in situ growth rates of 42 bacterioplankton at high phylogenetic resolution. This information is essential for elucidating 43 the contributions of these ecotypes to biogeochemical cycles critical to the ecosystem. 44
The most commonly used approaches for determining growth rates of heterotrophic 45 marine bacterioplankton are indirect and rely on measurements of bacterial production. Growth 46 rates are often calculated from bacterioplankton production, which are usually estimated from 47 7 gene to gene expression inclusive of all sampling points, was not significant (R 2 =0.0304 126 P=0.45). These results indicate that at least for some of the samples a correlation existed between 127 gene abundance and per-cell gene expression activity. 128
In the first 12 hours, ftsZ expression and to some degree ftsZ gene copies appeared to be 129 somewhat correlated with the tidal cycle, with peaks of expression at 6:00 and 18:00 and lowest 130 expression at 12:00, lagging the onshore high and low tides by about 3 hours respectively ( Figure  131 2). Temperature and salinity also showed fluctuations that loosely followed the tidal cycle with 132 the same 3-hour lag (data not shown). After 18:00 a steady drop in temperature and simultaneous 133 increase in salinity was observed. Overall, these trends in salinity and temperature indicate that 134 tidal currents influenced our sampling site and that different waters with different NAC11-7 135 populations (or patches) were sampled. 136
In order to further examine the relationships between ftsZ gene abundance and expression 137 with water masses, we overlaid ftsZ gene abundances and expression to gene ratios onto 138 temperature-salinity (T-S) plots (Figure 3 ). These plots indicate a cyclical variation between 139 warmer, less saline waters and cooler, more saline waters. While, gene copies did not show clear 140 trends in the T-S plot (Supplemental Figure 2) , ftsZ expression showed an interesting relationship. 141
With the single exception of the 9:00 sample, samples below 25.8°C showed significantly lower 142 ftsZ expression (two-sample t-test P=0.003) than those above 25.8°C (Figure 3) . A regression 143 analysis excluding the 9:00 measurements showed a significant correlation (R 2 =0.68, 144 P=0.000025) between ftsZ expression and temperature (Figure 3 ). These data strongly indicate 145 that populations from different water masses were sampled throughout the diel study. 146
Furthermore, an outlier in gene-normalized ftsZ transcript abundance is evident at the 9:00 147 sampling time, suggestive of a peak in ftsZ gene expression at that time (Figure 3) . 148 8
ARISA analysis of microbial communities. 149
In order to examine the dynamics of bacterioplankton communities and populations at the 150 different sampling times, these communities were examined using automated ribosomal 151 intergenic spacer analysis (ARISA). We observed that a number of ARISA peaks were present 152 at all time points analyzed, (i.e. 456, 485, 510 and 556 bp), while several peaks showed a more 153 ephemeral occurrence (i.e. 793, 799, 900 bp), suggesting that levels of patchiness differed for 154 different phylotypes (Supplemental Figure 1) . At least in the case of these fluctuating 155 phylotypes, different populations (patches) appear to have been sampled at different times. 156
Unfortunately, ARISA peaks with sizes corresponding to the NAC11-7 group were not readily 157 detected, as these organisms were likely present in numbers below the resolution of ARISA. 158
Enclosed incubation diel expression of NAC11-7 ftsZ genes. 159
A parallel on-deck incubation experiment in which ftsZ gene and gene expression were 160 quantified in incubated samples was conducted for comparative purposes. In these samples, ftsZ 161 gene abundance dropped from 6:00 to 15:00 and stabilized at ca.1 x 10 4 copies/ml (a 2.5-fold 162 decrease). Contrastingly, ftsZ expression showed a very remarkable 4-fold increase in 163 expression at 9:00 relative to the 6:00 time point. However, by 12:00 expression was 5-fold less 164 (Figure 4) . Considering that the measurements were made in three separate, incubated bottles 165
and that the C T s of the 9:00 cDNA samples were nearly two units lower than those of the 166 remaining samples, we are very confident that this observation was not due to an experimental 167 artifact. 168
Discussion
169
In order to test assumptions related to the measurement of in situ growth rates of specific 170 roseobacters based on cell division genes, a qPCR ftsZ assay was developed for the NAC11-79 clade. Analysis of the NAC11-7 sequences reveals that although all the sequences were highly 172 similar at the amino acid level, one sequence, clone ftsZ05F3, was different at the DNA level 173 (Supplemental Figure 3) . Based on the ecotype theory (Cohan, 2001 ), clone ftsZ5F03 was 174 assumed to belong to a different ecotype that was not subjected to a theoretical selective sweep, 175 as were the remaining 5 phylotypes. In order to maximize the chance that our measurements 176 reflected populations most coherent in their response to environmental factors, the sequence of 177 clone ftsZ05F03 was not targeted by our qPCR assay. This assay is highly specific to the 178 NAC11-7 ecotype represented by the 5 phylotypes described above, since specificity tests did 179 not show amplification for ftsZ05F03 nor any of 14 clones representing the unidentified clades 180
shown in Figure 1 (data not shown). 181
We observed that levels of gene-normalized transcripts were low. This was not 182 completely unexpected as mRNAs exist in a complex RNA pool composed primarily of rRNA 183 and have relatively short half-lives (Belasco, 1993) . Thus, the efficiency of mRNA recovery is 184 expected to be considerably lower than that for genomic DNA. While we did not measure 185 reverse transcription efficiencies here, we have previously shown RT efficiencies to be constant 186 between different samples for proteorhodopsin mRNAs using an analogous method with the 187 same reverse transcriptase and a specific primer (Shi, 2005) . 188
It is important to emphasize that our measurements of gene expression are based on a per 189 cell average for the entire population. Thus, depending on how ftsZ is expressed in a single cell 190 during the cell cycle, the mRNA to gene ratio may reflect: 1) the fraction of the population that is 191 points (18 hrs from 6:00 to 0:00), a strong correlation (R 2 = 0.6214) was observed between 238 NAC11-7 abundance in situ (inferred from ftsZ copies/ml), and the gene-normalized ftsZ 239 transcript abundance, indicating that levels of expression are not constant in this ecotype. This 240 was suggestive that more active populations yielded, or were associated, with higher abundances 241 of these organisms. Collectively, these results support the case for non-synchronous cell division 242 since ftsZ expression was not constrained to specific times (i.e. ftsZ was expressed at all 243 measured time points). Finally, the plot of gene-normalized expression over a temperature-244 salinity diagram, and a regression analysis showed that, with the exception of the 9:00 replicates, 245
there is a high correlation between water temperature and ftsZ expression (Figure 3) . 246
We found a remarkable peak of gene-normalized ftsZ transcript abundance at 9:00 in the 247 on-deck incubation experiment, which could be interpreted in several ways. First, and in 248 contrast to conclusions drawn from the in situ samples, ftsZ expression (and by extension cell 249 division) could be synchronous in the putatively photoheterotrophic NAC11-7 clade. An 250 alternative explanation would be that the 9:00 peak of expression resulted from stimulation 251 caused by confinement. The observations that 1) the response was fast and time-constrained; 2) 252 gene abundances steadily decreased with time, and 3) there is no evidence that members of the 253 NAC11-7 group respond positively to enrichment conditions (i.e. this group is not known as 254 copiotrophic), all argue against this notion. The slow decline in ftsZ gene abundance in the 255 bottles might be explained by a lack of growth, and continuous mortality by viral lysis and/or 256 protistan bacterivory. The peak of ftsZ expression at 9:00 could be explained by a previous 257 "commitment" of the circadian rhythm. As different NAC11-7 populations (patches) were 258 sampled over the course of the in situ diel it is difficult to directly compare in situ ftsZ gene 259 expression levels with the parallel on-deck experiment. However, the fact that the in situ sample 260 from 9:00 was higher than expected based on the correlation between gene expression and 261 temperature (Figure 3) corroborates the incubation results, although we only sampled a single 262 diel cycle and there is a possibility that this was a fortuitous coincidence. 263 13 An intriguing interpretation of these seemingly contradictory results is that a certain 264 fraction of the population could be synchronously dividing, with a peak in ftsZ expression at 9:00, 265 while a background of asynchronously dividing cells could also exist, some of which would be 266 expressing ftsZ at any given time. This "background" expression would be in fact, better 267 correlated to temperature or other parameters influencing growth. The fact that a certain level of 268 ftsZ expression was measured throughout the diel cycle in synchronously dividing 269 Henlopen. Temperature and salinity were measured using a SBE9 CTD (Seabird, Bellevue, 284 WA), and tidal effects were estimated from the height of the tide at Ship Shoal Inlet calculated 285 using the data at the NOAA tides and current prediction page http://tidesandcurrents.noaa.gov. 286 14 Triplicate 590 ml water subsamples were collected and pre-filtered through GF/A filters (1.6 µm 287 nominal pore; Whatman, Maidstone, UK). Ninety ml of pre-filtered sample was filtered through 288 13 mm diameter 0.2µm Supor200 ® polysulfone filters (Pall Corp., East Hills, NY) and the filters 289 were transferred to a tube containing 130µl lysis buffer (2 mM NaEDTA (pH 8.0), 20 mM 290 Tris•Cl (pH 8.0), 1.2% v/v Triton X100). The remaining 500 ml were filtered through 25 mm 291 diameter 0.2 µm Supor200 ® filters (Pall Gelman Inc.) and transferred to screw cap tubes 292 containing 250 µl RNALater (Ambion, Austin, TX). All samples were frozen at -20ºC aboard 293 and within a week stored at -70ºC until nucleic acid extraction. 294
On-deck incubation experiments were conducted using water collected at the first 295 sampling time (6:00, 03 September, 2005). Fifteen l of surface water was used to fill 24 x 500 296 ml (600 ml total volume) polycarbonate bottles (Nalge Nunc International Corp., Rochester, NY), 297 and incubated at in situ temperatures in an on-deck incubator. At every in situ sampling point, 298
three of the incubation bottles were taken and sampled for nucleic acids as described for cast 299 samples. 300
Nucleic acid extraction and quantification 301
Total DNA was extracted from Supor200 ® 0.2 µm filters as previously described, except 302 that the DNeasy 96 Tissue Kit was used, and therefore the DNeasy 96 plates were sealed and 303 centrifugations performed in a Sorvall ® Legend™ T Centrifuge with a Highplate® rotor (Kendro, 304
Osterode, Germany) at 5250 rpm for 10 min for binding and 5250 rpm for 5 min for washes. The 305 DNeasy 96 plate was incubated at 70ºC for 15 min evaporate traces of ethanol and DNA was 306 eluted by centrifugation at 5250 rpm, for 2 min. 307
Total RNA was extracted from Supor200 ® 0.2 µm filters following an optimized protocol 308 adapted from the Qiagen RNeasy ® 96 manual (Shi 2005) . Filters in screw cap tubes were thawed 309 on the ice, along with the RNAlater, which was not removed prior to RNA extraction. Low 310 protein binding zirconium oxide beads (equivalent to ca 320 µl) were added into each tube (200 311 µm, OPS Diagnostics, Lebanon, NJ). ß-Mercaptoethanol was mixed in a 1:100 ratio into RLT 312 buffer and 875 µl of the mixture added to screw cap tubes. The tubes were beaten in a MM301 313 mixer mill (Retsch GmbH Inc., Haan, Germany) at 30.0 HZ for 2 min and incubated for 5 min at 314 70 ºC. 800 µl of the liquid phase was transferred into a new low-RNA-binding 2 ml 315 microcentrifuge tube (Ambion, Inc.), avoiding the beads. 800 µl of 100% ethanol was added into 316 each tube and well mixed well. 800 µl of the mixture was loaded into wells of RNeasy 96 plate, 317 sealed and centrifuged at 5000 rcf for 5 min, and the procedure repeated. The columns were 318 washed once with 800 µl RW1 buffer and twice with 800 µl RPE buffer at 5000 rcf for 5 min, 
